twitches are not biological accidents resulting from the brain's failure to maintain normal levels of muscle paralysis. Instead, they propose that muscle twitches and the resulting limb movements are deliberately triggered biological events that exhibit highly structured spatiotemporal patterns of activity [6] . Further supporting their hypothesis is their seminal observation that twitch-driven movements are under tight developmental control, with muscle movements becoming increasingly defined and refined with age.
Blumberg et al. [6] propose that the structurally organized pattern of REM sleep movements has important implications for understanding how brain and spinal mechanisms trigger twitches during sleep [3, 9] , an area of research that remains largely unexplored. They also suggest that sensory feedback from sleep-driven twitches play a critical role in the development of sensorimotor systems [9] . This suggestion fits nicely with their previous work, also published in Current Biology [12] , showing that tactile feedback from whisker twitches triggers marked activation of corticothalamic circuitry specifically during REM sleep (but not during wakefulness). Sensory feedback during sleep may be more effective in driving sensorimotor organization [12] because externally generated motor signals are minimal or absent during REM sleep, and twitches clearly punctuate the noiseless background of muscle paralysis [13, 14] . Lastly, Blumberg et al. [6] propose that twitches represent a previously unrecognized form of motor exploration that may lay the foundation for automatic and goal-directed movements during wakefulness [6] .
But, this study [6] also raises a multitude of pressing questions. For example, it remains to be seen how (or if) the developing motor cortex uses and integrates sensory feedback produced by sleep movements. Do hindlimbs and other motor systems, such as respiratory [15] or oro-facial muscles [3, 14] , also act out a well-defined pattern of activity during REM sleep? And, does a coordinated muscular plan of action during REM sleep also persist into adulthood? Answering this last question could be of great value to understanding the pathophysiology of REM sleep behaviour disorder, a disease that afflicts older adults and results in excessive and often violent movements during REM sleep [16, 17] . Determining the brain mechanisms that trigger sleep movements in developing animals could potentially be used to identify the circuits that breakdown and cause REM sleep behaviour disorder [16] .
In summary, this new study [6] Cilium Assembly: Delivery of Tubulin by Kinesin-2-Powered Trains
The kinesin-2-driven anterograde transport of intraflagellar transport (IFT) trains has long been suspected to deliver cargo consisting of tubulin subunits for assembly at the axoneme tip. Important new work identifies the tubulin binding site on IFT trains that is responsible for this cargo transport.
Jonathan M. Scholey
Cilia are microtubule-based structures surrounded by a specialized membrane plus associated signaling molecules which project from the surface of virtually all eukaryotic cells and play key roles in cell motility and cilium-based signaling [1] . Cilium assembly [2] is known to depend upon intraflagellar transport (IFT), the bidirectional transport of multimeric protein complexes called IFT trains along microtubules of the ciliary axoneme underneath the cilium membrane [3] . It is understood that members of the kinesin-2 family of motors [4] use energy released from the hydrolysis of ATP fuel to power the anterograde transport of IFT trains from the base to the tip of the axoneme, and although it has seemed reasonable to think that the IFT trains carry cargo consisting of axonemal precursors, most notably tubulin subunits, plus ciliary membrane and matrix molecules from the cell body to the cilium tip [3] , this has been difficult to prove. However, new work reported in Science [5] now provides significant evidence in support of the idea that IFT trains do indeed bind axonemal tubulin subunits and deliver them to their site of assembly on ciliary axonemes. In classic work it was shown many years ago that Chlamydomonas flagella (aka cilia) add tubulin subunits at the distal tip of the axoneme [6] (Figure 1 ) and this is a key feature of current hypotheses about how cilium length is controlled [7] . However, distal tip assembly does not necessarily mean delivery by IFT. For example, bacterial flagella assemble via the incorporation of flagellin subunits at the distal tip of the filament, but in this case it involves the pumping of unfolded flagellin subunits into the base of the hollow filament channel by a gated protein export system, and their translocation via facilitated diffusion through the central flagellar channel to the distal tip, where a pentameric 'cap' complex promotes their folding and assembly [8] . Moreover, cytoplasmic microtubules and in vitro polymerized microtubules can also add tubulin subunits at their plus end tips [9] . It is intriguing that kinesin-2 motors appear to be capable of stabilizing the plus ends of cytoplasmic microtubule plus ends, thereby facilitating the incorporation of tubulin [10] , but the assembly of these microtubules is not usually thought to require the delivery of subunits by a specialized transport system as diffusion can do the job. Thus, in an alternative model, rather than transporting tubulin subunits themselves, the IFT machinery could deliver a microtubule-stabilizing factor (e.g., a chaperone or MAP) to the distal tip of the axoneme where it facilitates plus end assembly of tubulin subunits recruited from a soluble ciliary precursor pool.
In one study, the hypothesis that IFT delivers tubulin subunits to the distal tip of the cilium was tested directly by following tubulin dynamics within cilia of living, unfixed organisms [11] . The axonemes of sensory cilia on chemosensory neurons of Caenorhabditis elegans, like those of many other sensory cilia, have a bipartite structure consisting of nine microtubule doublets made of A and B subfibers, the A subfibers extending as distal singlet microtubules [12] . It was observed that functional, GFP-tagged ciliary tubulin isotype subunits assemble at the tips of both the longer A and shorter B subfibers. Moreover, fluorescence microscopy-based IFT assays, fluorescence recovery after photobleaching (FRAP) experiments and modeling were consistent with delivery of the tubulin subunits by anterograde IFT, driven by the striking collaborative action of heterotrimeric and homodimeric kinesin-2 motors that is characteristic of these sensory cilia [4, 11] . However, whereas kymographs obtained from IFT assays in this system show clear tracks of subunits of both kinesin-2 motors, the IFT train and even IFT-dynein being carried as cargo in the anterograde direction [13] , only faint tracks of tubulin were seen [11] . While it was plausible to think that this reflected a low stoichiometry of tubulin subunits relative to the other tagged polypeptides, more definitive evidence for the mechanism of tubulin transport was needed.
Enter the new work from Bhogaraju et al. [5] , which provides definitive evidence of tubulin binding and transport by IFT trains and then goes on to explain the aforementioned faint tracks of moving fluorescent tubulin subunits seen in C. elegans cilia. The authors report that the two core IFT proteins, IFT74 and IFT81, which were previously proposed to form a tetrameric scaffold for the assembly of IFT train subcomplex B in Chlamydomonas [14] , form a tubulin-binding module that binds tubulin with approximately micromolar affinity. The binding site is formed from a calponin homology (CH) domain on IFT81 that shares structural similarity with the microtubule-binding kinetochore protein NDC80, together with a highly basic domain on IFT74 (Figure 2) . Furthermore, RNAi knockdown of IFT81 and rescue experiments with point mutants showed that tubulin binding by IFT81 was required for ciliogenesis in human cells [5] . The crystal structure of only one of the subunits, Chlamydomonas IFT81, is reported, presumably because the basic amino-terminal domain of its partner subunit, IFT74, is predicted to be disordered and prone to degradation and therefore refractory to orderly packing into crystals for X-ray diffraction analysis. This may also have precluded crystallization of the IFT74/81 complex containing the complete tubulin binding site, but no doubt this will be a target of future studies. Based on the affinity (Kd) of IFT74/81 for tubulin, the authors predict that most IFT complexes For details see reference [6] . (Photo used with permission from [6] .) are loaded with tubulin during early stages of ciliogenesis, whereas lower occupancies are found once the cilium has achieved its steady-state length, which agrees well with the aforementioned data demonstrating that tubulin transport in full-length C. elegans cilia yields only faint traces in kymographs, likely due to low tubulin occupancy on IFT complexes [11] . This predicts that robust tracks of fluorescent tubulin in kymographs would be seen at earlier stages of cilium assembly than those studied by Hao et al., something that can now be tested in those organisms in which it is possible to express functional, fluorescently tagged ciliary tubulin subunits.
Thus, the aforementioned body of work supports the idea that one important function of anterograde IFT is to deliver tubulin subunits to their site of assembly at the tips of ciliary axonemes, but many intriguing questions remain, including the relative roles of cytoplasmic versus axonemal microtubules in these processes and in the delivery of membrane proteins to the cilium [15] [16] [17] . For example, a recent study concludes that, at least in some cases, kinesin-13 depolymerases serve to disassemble cytoplasmic microtubules to yield a pool of subunits that could then be delivered to their site of incorporation into the axoneme by the IFT machinery [17] . Intact cytoplasmic microtubules could also participate in the delivery of signaling proteins to the ciliary membrane based on observations that membrane protein entry into Chlamydomonas flagella required cytoplasmic microtubules but did not require IFT [15] . Moreover, membrane proteins were observed to move within the plane of the ciliary membrane mainly via diffusion, with vectorial transport by the IFT machinery playing only a minor role at most [18] . Further work aimed at understanding if and how IFT contributes to cilium-based signaling, beyond its obvious role in cilium assembly, will be of interest. Finally, the advance reported by Bhogaraju et al. [5] underscores the importance of doing further high resolution structural analysis of the IFT machinery, including the IFT trains, the motors that move them, and the cargo molecules that they transport, in a broad range of ciliated cell types. Visual perception depends on integration of the eyes' raw sensory input with information distributed across distinct regions of the brain. Recordings of neuronal activity in monkeys reveal that these two types of signal reach visual cortex in spatially distinct layers.
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Take a brief look at Figure 1A and try to figure out what it depicts. If you are unable to make out something meaningful immediately, do not be concerned. This image is not part of a Rorschach test designed for psychoanalysis, but rather a common type of visual stimulus used in perception research [1] . As someone who has never seen this picture before, what you are likely to experience is roughly reminiscent of the incohesive distribution of dark and bright spots that form the two-dimensional retinal image -visual information in its rawest form. Now try rotating the page by 180 degrees so that the figure is turned on its head: from this angle, you will easily make out a face. Note what happens when you rotate the figure back to its original orientation. Curiously, your knowledge of the actual nature of the figure will shape your perception of the image from here on out. You now see a face (turned upside-down) where you previously saw a puzzling conglomerate of light and dark patches.
Vision scientists are interested in images such as the one shown in Figure 1A , as they demonstrate the impact of past experience on the perceptual interpretation of sensory input. Such images suggest that, in order for an observer to form a meaningful perceptual experience, two neuronal processes need to come together: sensory activation from the eyes, and information from past experience that is stored in distributed regions across the brain. While research over the past decades has yielded an astonishingly detailed description of the former -neural events that cascade from retinal stimulation -we still know little about how signals originating in other brain areas integrate with these incoming sensory inputs in order to transform meaningless spots of light into shapes, objects and faces.
In this issue of Current Biology, Matthew Self and colleagues [2] report high-resolution multielectrode recordings of neuronal activity from the primary visual cortex of macaque monkeys that shed new light on the question of where and when raw visual inputs meet signals that descend from other cortical areas. More specifically, the authors used a linear electrode array to sample the electric activity from groups of neurons with microscopic resolution across cortical layers [3] . The animals were trained to stare at a computer screen and to indicate the presence of a square-shaped figure that was made up of tilted lines against a backdrop of lines oriented in the opposite direction ( Figure 1B) . Previous work showed that successful completion of this task relies on the active integration of feedforward visual input with recurrent feedback signals from higher brain areas [4] . Specifically, the primary visual cortex of primates is specialized for extracting the orientation of line elements via characteristic organization of input that gets fed forward from the eye [5] . Yet, in order to extract a meaningful figure from a background of orthogonal line elements, feedback from more specialized brain areas is needed [6] . Contrasting the way primary visual cortex responds to a uniform pattern of lines with the neural response elicited when a figure can be perceptually discriminated provides insight into two distinct forms of visual activation -one without and one with a heavy reliance on feedback from distant parts of the brain that aid in shaping the perception of a square [7] .
Using this approach, Self et al.
[2] observed striking differences in the laminar pattern of neural activation that characterizes each of these two modes of cortical processing. The onset of the background pattern alone elicited a wave of neuronal activity that originated primarily in the middle layers (and to some degree in the lowest layers) before sweeping across the entire extent of the laminar microcircuit. Yet, whenever the monkeys observed a square-shaped figure in the display, there was an additional response of neurons in the upper and lower layers that was absent in the middle layers of cortex ( Figure 1C,D) .
One of the most intriguing aspects about Self et al.'s [2] findings is that these patterns of functional organization correspond well with the structural principles of laminar cortical microarchitecture that have been described by neuroanatomists over the past decades. The exact number of cortical layers and sublayers can
